We report the first direct experimental observation of the Josephson properties of Nb/Cu multilayers achieved by measurements across layers. Multilayered sandwiches with a small crossection (20 pm in diameter) consisting of 1 0 Nb/Cu/Nb junctions in series were fabricated for such measurements. Applying RF power we observed Shapiro steps in the current-voltage characteristics. Changing the temperature we have seen the sequential change in the principal Shapiro step voltage representing the change in the number of the phase-locked junctions. This phenomenon is a direct evidence for the dimensional 3D-2D crossover responsible for the subdivision of the sample in the individual layers. Simultaneously with the change of the RF step voltage, the behavior of the I-V characteristics change. For T < T2D hysteresis appears in the I-V characteristics and the slope of the temperature dependence of the Josephson critical current, I (T), changes.
Introduction.
Superconducting multilayers reveal many interesting physical properties that are now intensively studied both from the point of view of their application in superconducting electronics and in connection with High Temperature Superconductors (HTSC). Yet until now there is a lack of experimental results for multilayered structures, especially for measurements across layers. The main problem here is the fabrication of a sample consisting of a large number of stacked junctions with identical properties. Rather reproducible fabrication techniques has been achieved only for stacked double tunnel junction SISIS samples [1] [2] [3] [4] [5] . Physical properties of such double junction samples are very interesting and provide en- Recently the successful fabrication of a sample with 10 Nb/Al-AlOfNb stacked junctions was reported [7] ; however the properties of the junctions were not very close to each other. In the present paper we report the first successful fabrication of multilayered sandwiches for measurements across layers consisting of 10 SNS (Nb/Cu/Nb) stacked junctions with the properties very close to each other.
Although SNS multilayers have basic
Josephson properties similar to 515 multilayers, they exhibit interesting properties inherent only in the SNS (SS'S) structures and caused by the proximity effect [8] [9] [10] [11] [12] . Typically the interlayer coupling in SNS multilayers is much larger than that of SIS multilayers. One of the most important signatures of the strong coupling is the dimensional 3D-2D crossover observed for SNS (SS'S) multilayers [9, 1 1-13]. The dimensional 3D-2D crossover consists of the fact that at high temperatures, T:::: T2D ' (3D-region) the multilayer behaves as a superconductor that is uniform across the layers . On the other hand at low temperatures, T< T2D, (2D-region) the multilayer behaves as a stack of distinct layers. As shown in ref.
[12] the temperature T2D could be significantly smaller than the critical temperature of the multilayer, T, if the transparency, , ofthe interfaces (and thus the coupling between layers) is big enough.
Quite naturally, the larger the coupling, the more uniform is the structure across layers. The 3D-2D crossover strongly influences the properties of multilayers.
Among the manifestations of the 3D-2D crossover we mention: (i) the change in the tor (3D region) and at T< T2D we have Ht C2 fi -TI T* , TT2D ' which is typical for a thin film in a parallel magnetic field (2D region). (ii) Recently evidence for the 3D-2D crossover was observed in the Hj temperature dependence of the NbICu multilayers [9] . In that case a sharp increase of the anisotropy of the lower critical field, H'ci I H1 ci, was obtained at T< T2D caused by a decrease of the core energy of the vortex parallel to layers in the 2D region when the core could be imbedded in N-layers. (iii) A strong influence of the crossover on the temperature dependence of the critical current across layers, I, was observed in [12] . Thus at T<T2D hysteresis in the current-voltage characteristics (IVC) appears, caused by a sharp increase of the effective junction capacitance in the 2D state. Simultaneously the slope of Ic(T) changes. In the 3D region, T>T2D, 'c (1_TIT'N) and in the 2D state I (1 -TI 1'), with T' close to the critical temperature of the isolated Nb film. Qualitatively the 3D-2D crossover occurs when the coherence length across layers becomes of the order ofthe multilayer period, j-d [15] . Since has the same temperature dependence as
, it is increasing with increasing temperature. Thus a multilayer transits from the 3D to the 2D state with decreasing temperature.
Moreover a new type of a dimensional crossover could occur at low temperatures when the coherence length for both samples are shown. Here I is the current at which the sample switches from the superconducting to the resistive state when the current is increased and 'R is the current at which the sample returns to the superconducting state when the current is decreased. It is seen from figs.2,3 that a common feature for both samples is that at low temperatures there is a pronounced hysteresis in the IVC while at high temperatures it disappears; note that the slopes oflc(T) change at the temperature where the hysteresis disappears. Moreover the dashed lines in fig.3 show that at low temperatures Jc(T) for both samples could be extrapolated to the temperature T'=9K that is close to the critical temperature of the isolated Nb film. As it was shown in ref.
[121 all these phenomena are caused by the 3D-2D crossover. In particular the disappearance of the hysteresis is caused by a significant decrease of the effective junction capacitance in the 3D state, when the sample becomes uniform across layers. The change of the temperature dependence of the critical current at low temperatures is caused by the fact that in the 2D-region the order parameter of the S-layers is close to that of the isolated superconducting film. The crossover temperature observed for Nb(200A)/Cu(1 50A) multilayers in ref.
[9], T2D=5.5K, is in good agreement with the observed temperature of the disappearance of the hysteresis for Sample-I.
The behavior of Sample-Il was similar to that of Sample-I. Yet since the Cu-layers were thicker in Sample-I! the critical current is smaller and the crossover temperature is larger [12] .
Measurements with applied RF power
In figs.4,5,6 the IVC of Sample-I with applied RF-power are shown for different temperatures. The RF power was small so that the suppression of the critical current was of the order of '1O%. Fig.4 shows the I-V curves of Sample-I at high temperatures (T = 7.7 K, 7.65 K, 7.6 K) and an applied frequency ofv=1O.55 GHz. To make the figure /m ---(n Im) v, were also observable. The 2e appearance of these steps may be caused e.g. by a nonsinusoidal current-phase relation, I(ço) [20] . The reason for that could be the large distance between the Nb electrodes, dy-4OOOA.
It is known that the J(ço) relation becomes complicated when deff 3 [21] . The fact that subharmonic steps decrease with increasing temperature (and consequently with increasing s) supports this assumption. In Fig. 5 the IVC at T=6.5K and v=1 1.1GHz is shown. This RF step corresponds to N4, i.e. V = 91.8pV 4--v, 2e indicating the existence of four synchronized junctions in series. In Fig.6 the IVC at T=5.6K and v10.7 GHz is shown. The RF step divides in phase-locked parts symmetrically with respect to the center of the multilayer. For the Sample-lI we also observed the increase of the principal Shapiro step voltage with a decrease of temperature. However the behavior of Sample-TI was more complicated. It was possible to observe also odd numbered RF steps in the IVC (see fig. 8 , Sample-Il), thus showing that Sample-Il was less perfect than Sample-I.
But the most striking feature of Sample-Il was the existence of several RF steps at a time.
In fig.7 the IVC for Sample-I! with RF frequency, v=12.9GHz, at T=4.3 K is shown. It is seen that the sizes of RF steps with numbers 6,7,8,9 and 10 are equal to each other, while all other steps are smaller. Since the RF power is very small, the size of step N (N 1) should be smaller than that of the first step. Since the steps are vertical they can not be induced by synchronization of only a part of the junctions.
Thus the data in fig.7 shown by the following observations: The hysteresis of the IVC diminishes at I T2D and the slope of the temperature dependence of the critical current changes. Applying RF power we observed the synchronized behavior of all 10 junctions at low temperatures. In general it is not trivial to synchronize junctions in series by a small RF power if their parameters differ slightly from each other. In our case the synchronization is achieved due to the strong coupling between junctions and due to the small spacing between layers. By decreasing the temperature we observed the process by which the sample is divided into phase-locked parts.
